By the multidomain modelling method, the vibration of a high-speed punching press was modelled and simulated, and the influence of the hydraulic system on the vibration of the punching press and the protection efficiency of the punching press under the overload condition was discussed. e multidomain simulation results were compared with the experimental results to the validity of the multidomain model on a punching press with a hydraulic system for vibration reduction function.
Introduction
With the continuous increasing stroke of a punching press, the complex inertia force generated by the movement of the crank-slider mechanism of the punch press will increase by square multiples [1, 2] . is is the main reason for the vibration of the high-speed punching press and will eventually lead to the reduction of punching accuracy [3] . Vibration of the system of a punching press is closely related to the mechanical, control, electronic, hydraulic, and other parts of the whole punching press. Among which, the measures of reducing vibration by adopting hydraulic system, with characteristics of cushioning and small impact, have been widely used in major punching press. e parameters of the variables of the punching press can be adjusted according to the numerical simulation on working condition of the punching press in order to alleviate the vibration condition of the punch. Chen et al. [4] analysed the structure, working principle, and cushioning process of the hydraulic shock absorber, by which the shock absorption effect was finally elaborated. Li et al. [5] proposed a hydraulic vibration and noise reduction device consisting of a buffer cylinder, a buffer rod, and an accumulator, which can be used to reduce the instantaneous vibration of the sheet metal breaking during the punching process of a mechanical press. Finally, the main technical parameters of the hydraulic buffer cylinder were determined, and the method of dynamic analysis of the punching press was achieved. Liu et al. [6] studied the principle and operation process of an overload protection device which causes the external unloading circuit to unload when the pressure of the built-in hydraulic cushion of the slider exceeds the set load. Li et al. [7] proposed a slider hydraulic overload protection device for high-speed press, and the device structure was analysed combining with the development example of high-speed press. However, all the above-mentioned research on hydraulic shock absorber and hydraulic overload protection device belongs to the level of theoretical analysis. At present, there are few dynamic simulation studies on hydraulic shock absorber and hydraulic overload protection device of stamping equipment.
In this research, the influence of the installation of the hydraulic system on vibration reduction of a certain punching press was explored based on the unified multidomain modelling and simulation method, and the influences of hydraulic system parameters on vibration quantity were analysed as well. Figure 1 shows the closed four-point structure of the highspeed punching press considered in this study, including an upper crossbeam, side column, lower crossbeam, movable crossbeam, servomotor, gear set, slider, two crankshafts, four connecting rods, four lead screws, and four hydraulic cylinders [8] , which is specially used to produce air-conditioning heat exchanger fins (as shown in Figure 2 ) [9] .
Research Object

Multidomain Modelling of High-Speed Punching Press
A multidomain model of the punching press was established (see Figure 3 ) considering the structure of comopnents of the punching press, and a physical object-oriented modelling method was selected and developed using the multidomain system dynamics platform SimulationX. e model includes control system, servomotor, inertia block and inertia database, displacement sensor, and mechanism components [10] . Damping and stiffness coefficients are set at the bed base, transmission screw, and connecting rod. e foundation is concrete foundation block with a size of 2.4 m × 3.3 m × 1.4 m, and punch motor is EMB-1ED A15 series synchronous servomotor.
In this paper, a hydraulic cylinder is installed on each of the four vertices of the crossbeam of the high-speed punching press to connect with the moving crossbeam, which is used to adjust the position of the moving crossbeam in the vertical direction to adjust the height of the die. In addition, the hydraulic system can also absorb and eliminate the inertia force and stamping force of the slider and crankshaft which would be transmitted to the moving crossbeam, so as to prevent the die and punch from being damaged by overload under special circumstances [11] . A three-position four-port electromagnetic reversing valve was used to control the pushing rod motion of the cylinder in three kinds of situations: pushing out, contracting, and stopping. e schematic diagram of the hydraulic system and the parameters of the hydraulic components are shown in Figure 4 and Table 1 , respectively.
Under the normal load, the guide screw provides upward tension to the upper crossbeam. e hydraulic cylinder enhances the balance of the high-speed punch by buffering and absorbing inertia force and stamping force of the motion mechanism, so as to reduce the vibration of the punch [12] . Under the overload load condition, the overload force would be applied on the hydraulic cylinder through the movable crossbeam, and when the jacking force in the upward direction which is loaded on the cylinder exceeds the prescribed limit, the hydraulic cylinder unloads, following the movable crossbeam, and the piston of the hydraulic cylinder moves upward for a certain distance under the action of the overload upward, thus avoiding the slider and the die from continuing to move downward and bear the overload load.
Based on the multidomain model of a punch press under normal load as shown in Figure 3 (a), the multidomain model of the punch press and die under overload load was established. With the mechanics MBS forces (multibody force unit) model library [13] , a set of forces with the values both 879200 N and with opposite direction were applied on the upper and lower dies of progressive die of punch press, to represent the external load that causes sudden increase in die load during sudden events (see Figure 3 (b)). Due to the overload load, the total force acting on the slider in the vertical direction exceeds the nominal pressure of the punch press by 1600 KN.
Multidisciplinary Simulation Results of High-Speed Precision Punch
In this paper, a coordinate system considering the above dead point as the starting point of time and the position of the upper dead point as the zero point of the slider displacement is established.
4.1.
Under Normal Loading. Figure 5 (a) shows the displacement curve of the slider and frame of the punch press with the hydraulic system installed. e relative distance between the equilibrium positions and the difference in amplitude of the slider and frame can be calculated as 0.008 and 0.012 mm, respectively. Figure 5 (b) shows the displacement time curve of the slider and the frame of the punch press without the installation of hydraulic cylinder. As shown in Table 2 , the vibration of the punch before and after the installation of the hydraulic cylinder is compared. With the installation of hydraulic cylinder, the vibration of the punch press reduces by 45%. Shock and Vibration
Under Overload Loading.
e purpose of the multidisciplinary simulation of high-speed punching press under overload loading is to predict the protective effect of the hydraulic system on the punching press through avoidance of hydraulic cylinder in emergency.
e response curve of the hydraulic system under overload loading is shown in Figure 6 . e displacement curve of the piston rod in Figure 6 (a) shows that the piston rod begins to fluctuate to a great extent from the 25th second, and it begins to fall back until the 26th second, delaying one second; after the 26th second, the piston rod even moves downward to the position that it stayed at the 25th second, due to the large fluctuation of the piston rod. It shows that in emergency, the main parts of punch, such as slider, will still bear serious overload loading. e overload protection of hydraulic system parameters for dies needs to be further improved. Figure 6 (b) shows the hydraulic pressure curve of rodless cavity of the hydraulic cylinder under overload loading, the maximum pressure in the rodless cavity of the hydraulic cylinder reached 3.5 MPa, which exceeded the overflow threshold of 1.16 MPa that set connected with the hydraulic cylinder [14] .
is is because the maximum flux of the overflow valve is less than the hydraulic discharge flow, resulting in the overpressure of the hydraulic pressure.
Experimental Verification
e acceleration of the servo punch under no-load condition with the motor speed of 1500 rpm was measured by DH5923 dynamic signal testing and analysis system (as shown in Figure 7 ). e vibration displacement curves of the bed and slider were obtained by integrating of the acceleration curves. e crankshaft speed of the high-speed punch is measured by using E6CP photoelectric sensor [15] , as shown in Figure 8 . Figure 9 shows the multidomain simulation curve and experimental measurement curve of the vibration displacement curves of the slider and the frame with the motor speed of 1200 rpm. As shown in Figure 9 (a), the experimental amplitude of the slider was 20.662 mm, and the simulated value of that was 20.376 mm, with a relative error between which was 1.36%. As shown in Figure 9 (b), the vibration amplitude of the frame is 0.769 mm, and the simulated value of that was 0.687 mm, with a relative error of 13.86%. Figure 10 shows the experimental and simulated speed curves of the crankshaft with the motor speed of 1200 rpm. e theoretical crankshaft speed is 240 rpm, and the measured crankshaft speed fluctuated between 234 rpm and 246 rpm. As shown in Figure 10 (a), the fluctuation of the experimental amplitude was 12 rpm. e simulated speed of the crankshaft fluctuated between 236 rpm and 244 rpm, as shown in Figure 10 (b). e maximum relative error between the theoretical value and the measured value is 0.90%, and the fluctuation amplitude is 8 rpm.
Influence of Hydraulic Parameters on
Vibration and Overload Protection Table 3 shows the corresponding vibration of punching press under different pressure of hydraulic pump. It reveals that the vibration balance point of the frame translated from the above position to the below position of the balance point of the slider, when a certain pressure of the pump was set. is is because the hydraulic force loads directly on the slider, which results in the decrease of the vibration balance point of the slider, while the hydraulic force acts on the frame indirectly. erefore, the influence on the equilibrium point of frame is less than that on the slider. Before installation of the hydraulic system, the vibration quantity of the punch is mainly composed of the distance between the equilibrium position of the frame and the slider; after the installation of the hydraulic system with the pressure of 20000 Pa, the distance between the equilibrium position of the frame and the slider decreases, while the difference between the amplitudes of which increases; the hydraulic system conveys the hydraulic pressure in vertical downward to the movable crossbeam, and the force reaches its maximum and minimum value at the upper and lower dead points of the slider, respectively. As a result, the inertia forces of the slider and punch at the upper dead point decrease, and the inertia force at the equilibrium position increases to a greater extent, and the inertia force at the lower dead point increases to a lesser extent, which causes the equilibrium point of the frame and the slider to move downward to a certain extent. For the reason that the reduction of inertia forces of the slider and frame at the upper dead point was much greater than the increasing of that at the lower dead point, the amplitude of the slider and frame decreases. When the pressure of the hydraulic pump increased to 40000 Pa, the elimination effect of the hydraulic system on the total inertia force at the upper dead point of the slider and bed increases, and the elimination effect is greater than the enhancement of the hydraulic system on the total inertia force at the lower dead point. As a result, the vibration amplitude of both the frame and slider decreases, and the inertia force value of the slider and frame at the equilibrium position increases. e equilibrium points of the slider and frame decreased, while the slider equilibrium points decreased more slowly; therefore, the distance between the equilibrium points of the slider and frame decreased. Because of the vibration superposition in the slider, its amplitude decreased faster than that of the frame; therefore, the difference between the vibration amplitude of the frame and the slider increased, and the relative vibration of the frame and the slider decreased by 10% comparing with the hydraulic pressure of 20000 Pa.
Effect on Vibration of Punch Press under Normal Load.
When the pressure of the hydraulic pump increased to 60000 Pa, similarly, the equilibrium points of the frame and Shock and Vibration pressure is gradually equal to the decreasing of inertia force of that at the up dead point. And the elimination effect of the hydraulic system on the inertia force of the punching press is gradually reduced, that is, the vibration reduction effect is also beginning to decrease; therefore, the relative vibration between the slider and frame no longer decreased. From the above analysis, it can be seen that the optimum hydraulic pump pressure of the high-speed punch hydraulic system is between 20000 Pa and 60000 Pa.
Protective Effect of Punching Press under Overload
Loading. In this paper, the function of the relief valve of the hydraulic system is to make the pressure of the rodless chamber of the hydraulic cylinder remain constant. Under the overload loading, the relief valve unloads, part of the high-pressure liquid in rodless chamber flows back to the tank; therefore, the piston rod returns back a certain distance, so as to ensure the die would not be destroyed by the overload loading [16] . Under the condition of overload loading, the maximum pressure of the rodless chamber of the hydraulic cylinder exceeds the threshold of the relief valve that is connected with it, as shown in Figure 6(b) , because the maximum flux of the relief valve is less than the hydraulic discharge flow rate. According to Bernoulli's theorem [17] , the faster the flow rate in a fluid system, the smaller the pressure produced by the fluid. In order to improve the response rate of the protection function of the hydraulic system under the overload loading, the flow rate of the relief valve was increased. Figure 11 shows the displacement time curves of the piston rod when the overflow threshold was 1.16 MPa and the pressure drop was 0.05 MPa; under the overload loading, the overflow velocity of 500 L/min, 330 L/min, and 160 L/ min were chosen, respectively. When the overflow velocity was set as 160 L/min, the simulated back time of the piston rod of the hydraulic cylinder was 0.8 s, and it fluctuated 4 times before the piston rod returns back; because of the influence of the pressure variation of the rod chamber, the piston rod moves downward again during the back stroke of the piston rod between 26.5-27.4 s, which makes the slider and the die return to the position for stamping work. At that condition, the slider connecting rod, crankshaft, and other components still have the possibility of bearing overload loading. When the overflow velocity is 330 L/min, the back time of the piston rod was shorter because of the increase of pressure in the rodless chamber, but the return distance was not obvious, and the stability of the piston rod is poor after the short return distance, with a more violent vibration. e overflow velocity of 160 L/min as well as 330 L/min cannot achieve the purpose of overload protection. When the overflow velocity was 500 L/min, the return time of the piston rod decreased to 0.4 s, and it fluctuated only 2 times before the piston rod returns back. Due to the influence of the pressure variation of the rod chamber, although the piston rod still has a downward displacement, it kept a return distance over 10 mm, and its vibration fluctuation was relatively stable, which could effectively protect the die and punch from being overloaded. Figure 12 shows the displacement curve of the piston rod when the overflow threshold was 1.16 MPa and the overflow Due to the increase of the pressure drop, the pressure of the rodless chamber of the hydraulic cylinder raised firstly and then decreased rapidly under the overload loading, resulting in the increase of the response speed of the piston rod and the decrease of the vibration times before it returns back. However, when the pressure drop was too large, rapid decrease in pressure of the rodless chamber would appear, and subsequently, the hydraulic pressure of the rodless chamber increases when the hydraulic pump supplies the hydraulic oil to the rodless chamber, causing the piston rod to move downward with a greater degree of vibration, which results in instability. erefore, simply increasing the pressure drop can not effectively increase the response speed of the piston rod.
Conclusions
According to the structure characteristics of the precision high-speed punching press, the multidomain modeling and simulation of which were carried out. e effect of the installation of the hydraulic system on the vibration reduction of the punching press under normal working condition was studied, and the influence of hydraulic parameters on the vibration reduction and overload protection of the punching press was explored. e following conclusions are drawn:
(1) Under the normal punching loading, the average inertia force of the slider and the frame at their upper and lower dead points could be reduced by providing a certain value of hydraulic pressure to the moving crossbeam in order to achieve the vibration reduction of the punching press. (2) Under the normal punching loading, the increase of pressure in the hydraulic system can reduce the average inertia force of the slider and frame to a certain extent. However, when the pressure of the hydraulic system increases to a certain value, the increasing of the inertia force of the slider at the lower dead point would exceed the decreasing of the inertia force at the upper dead point, which is not conducive to the reduction of vibration. (3) Aiming at the overload loading on the punching press during high-speed stamping, increasing the overflow velocity of the relief valve can increase the return speed and quantity of the piston in the hydraulic cylinder to protect the punching press and stamping die. Furthermore, increasing the pressure drop of the relief valve to a certain range can improve the return speed and the motion stability of the piston rod; when the pressure drop increases to a certain extent, it would lead to the excessive change of pressure in the rodless chamber, which would cause the instability of the piston rod.
